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Selective Inhibitors of Cytosolic or Secretory Phospholipase A2 
Block TNF-Induced Activation of Transcription Factor 
Nuclear Factor-KB and Expression of ICAM-1 



Liv Thominesen,*^ Wenche Sjursen,** Kathrine Gasvik,** Wenche Hanssen,** 
Ole-Lars Brekke,^ Lars Skatteb0l,!' Anne Kristin Holmeide," Terje Espevik,* 
Bent Johansen,'*'^ and Astrid Laegreid^*^ 

TNF signaling mechanisiiis inyolved in actiyation of traoscrfption factor NF-kB were studied in the human keratinocyte ceU line 
HaCaT. We show that TNF-induced activation of NF-kB was inhibited by the weD-known selective inhibitors of cytosolic phos- 
pholipase A2 (cPLAa): the trifluoromethyl ketone analogue of arachidonic acid (AACOCF3) and methyl arachidonyl fluorophos- 
phate. The trifluoromethyl ketone analogue of efcosapentaenoic acid (EPACOCF3) also suppressed TNF-induced NF-kB activa- 
tion and inhibited in vitro cPLAj enzyme activity with a similar potency as AACOCF3. The arachidonyl methyl ketone analogue 
CAACOCH3) and the eicosapentanoyl analogue (EPACHQHCF3), which both fafled to inhibit cPLA^ enzyme activity in vitro, had 
no effect on TNF-induced NF-kB activation. TNF-induced NF-kB activation was also strongly reduced in cells stimulated in the 
presence of the secretory PLA^ (sPLA^) hihibitors 12-epi-scalaradial and LY311727. Addition of excess arachidonic acid sup- 
pressed the inhibitory effect of 12-epi-scala radial and LY311727. Moreover, both methyl arachidonyl fluorophosphate and 12- 
epi-scalaradial bk>cked TNF-mediated enhancement of expression of ICAM-1, Activation of NF-kB by IL-ip was markedly less 
sensitive to both cPLA^ and sPLA^ inhibitors. The results indicate that both cPLA^ and sPLA, may be involved in the TNF signal 
transduction pathway leading to nuclear translocation of NF-kB and to NF-KB-activated gene expression In HaCaT ceDs, The 
Journal of immunology, 1998, 161: 3421-3430. 



Tumor necrosis factor is a central mediator of inflam- 
mation, as demonstrated by its ability to activate leu- 
kocytes, enhance adherence of neutrophils and mono- 
cytes to the intercellular matrix, stimulate fibroblast 
proliferation, and trigger local production of inflammatory cy- 
tokines (1). Thus, TNF mediates many of the cellular responses 
associated wiih infection, injury, and invasion, including cyto- 
toxicity against malignant cells. TNF is also involved in trig- 
gering the lethal effects of septic shock syndrome, cachexia, and 
other systemic manifestations of disease (2). 

The transcription factor NF-kB, which plays a central role in 
TNF-mediated activation of gene expression, belongs to the Rel 
family of transcription factors and participates in the regulation of 
genes coding for cytokines, cytokine receptors. MHC Ags, adhe- 
sion molecules, as well as viruses (reviewed in Ref. 3). NF-kB 
proteins are constitutively expressed in the cytoplasm, boujid to 
inhibitor T/cB, and are released and translocated to the nucleus 
upon phosphorylation and degradation of IkB (4-6). 

Two different TNF receptors. TNFR p55 and TNFR p75. can 
mediate NF-kB activation (7) although in most cells, TNFR p55 is 



♦UNIGEN-CcDi«r for Molecular Biology, '^DcpajtmeDt of Physiology abd Biomcd- 
icaJ EDgiDeering, *lnalitute of Chemistry. ^losUcute of Botany, •institute of Cancer 
Research and Molecular Biology. Norwegiaa University of Science and Technology, 
and "Department of Oisical Chemistry. Trondheim Regional Hospital, Tronilhciin, 
Norway, and 'Department of Chemistry. University of Oslo, Oslo. Norsvay '' 

Received for publication May 14, 1997. Accepted for publication May 14. 1998. 
The costs of publication of this article were defrayed in pan by the payment of page 
charges. This article must therefore be hereby marked advertisement in accoh^ance 
with 18 U.S.C. Section 1734 solely to indicate this fact. 

* Address cofrecpoo deuce and reprint requesu to Dr. Astrid Lagreid, Department of 
Physiology and Biomedica] Engineering, Norwegian University of Sdencc and Tech- 
nology. Medisinsk Teknisk Center, N-7005 Trondheim. Norway. E-mail a<idress 
astrid.lagreid9niedisin.ntnu.no 

Copyright O 1998 by The American Association of Imnunologisu 



the main signaling receptor (7-9). The TNFR p55 signal transduc- 
tion pathway leading to NF-*cB activation has been proposed to 
involve type C pbosphoHpases, such as phosphatidyl choline -spe- 
cific phospholipase C (10) and sphingomyelinase (8. 1 1). as well 
as serine/threonine protein kinases, such as protein kinase ( 1 2), 
ceramide-activated protein kinase (1 1), and members of the mito- 
gen-activated protein kinase cascade (13, 14). At present it is not 
clear how these intracellular components relate to the TNFR p55 
pathway, which mediates activation of NF-kB via the TNFR p55 
binding proteins TNFR-associaied factor-2 (TRAF-2)^ (15, 16) or 
receptor interacting protein (RIP) (17), followed by activation of 
NIK kinase (18), which triggers IkB kinase (19, 20) and IkB 
degradation. 

TNF induces phospholipase Aj (PLAj) activity in a number of 
different cell types, including mesangial cells (21), Jurkat cells (8), 
astrocytes (22), bone-forming cells (23), and intestinal epithelial 
cells (24). PLA2S catalyze the release of unsaturated fatty acid 
from ihe sn-2 position of phospholipids or phospbatidic acid (re- 
viewed in Ref. 25). Cellular PLAjS comprise three Ca^^ -depen- 
dent enzymes: cytosolic (c) group IV PLAj (26) and two closely 
related secretory (s) PLAjS, type n PLAj (27) and the group V 
PLA2 (28) and Ca^* -independent enzymes, iPLAj (29, 30). The 
85-kDa cPLAj is constitutively expressed in all ceUs, is highly 
selective for arachidonic acid in the sn-2 position, and is activated 



Abbreviations used in this paper; TRAF-2, TNFR- associated fftctor-2; PLAj. phos- 
pholipase Aj; cPLA^, cytosolic phospholipase Aj; sPLA^, secretory phosphoIip»e 
A2: iPLA,, Ca^'*'' independent phospholipase Aj; p75 AS, TNFR p75 antiserum; 
MTT, 3-f4.5-dimcthylthiazol-2-y]]-23-diphcnyltetrazoHum brDmide: AACOCF3, tri- 
fluoromethyl arachidonyl ketone; AACOCH3. arachidonyl methyl ketone analogue; 
MAFP, methyl arachidonyl fluorophosphate; EPACOCF3, (al]-Z>l,I.]-trifluonH 
6.9.1 2.1 5.1 8-hcneicosapeniaen-2-one; EPACHOHCF3. (all-ZM.I.I-trifluoro- 
6.9.I2,l5JS-hcneicos^entaen-2-oI; NMR, nuclear magnetic resonance; PE, phyco- 
erythrin; NIK, NFKB-ioducing kinase; NDGA, oordihydrogiiayaretic acid. 
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by phosphorylation al micromolar concentrations of Ca^^ (31-33). 
Type n and V sPLAjS, both 14-kDa enzymes, are active e^^tracel- 
lularly at milUmolar Ca^"^ concentrations and show no specificity 
toward unsaturated fatty acids in the 5n-2 position (reviewed in 
Ref. 34). The two secretory PLAjS may substitute for eacb other 
depending on tissue-specific expression, while the group V is 
mainly expressed in heart (35) and macrophages (36). 

PLAj has been suggested to be involved in the signal transduc- 
tion mechanism mediating TTNfF-induced cytotoxicity (37-39), 
PLA2-generated lipid mediators such as unsaturated free fatty ac- 
ids have been found to activate protein kinase (40), which is 
suggested to be involved in TNF-mediated activation of NF-kB 
(41). To examine whether PLAj could also be involved in TNF- 
mediated NF-kB activation, we studied the human keratinocyte 
ceil line HaCaT, which we have found to express both cPLAj and 
SPLA2 and where we have shown that TNF can induce PLiA2 ac- 
tivity, measured as the release of arachidonic acid and its inetah- 
olites.^ We stimulated HaCaT cells with TNF in the presence of 
inhibitors with high selectivity against either CPLA2 or SPLA2 
measured 1 ) NF-kB nuclear translocation by quantitative bahdshift 
assays and 2) NF-kB -mediated gene activation by flow cytometric 
analysis of ICAM-I expression. The results indicate thajl both 
CPLA2 and sPLAj may be involved in the TNF signal transduction 
pathway leading to functional activation of NF-kB. 

Materials and Methods 

Cells and reagents 

The spontaneously immortalized human skin keratinocyte cell h'neKaCaT 
(provided by Prof. N. E. Fusenig, Heidelberg, Germany) was grown in 
DMEM with 1 g glucose/l (Life Technologies, Paisley, Scotland), supple- 
mented with 5% (v/v) PCS (HyClone, Logan, UT), 0.3 mg/ml L-gliitamine 
(Sigma, Si. Louis. MO), 0. 1 mg/ml geoianiicin (Sigma), and I /xg/ml fun- 
gizone (Life Technologies). 

Human rTNF (sp. act., 7.6 X 10^ U/mg protein) and human rlL-l^ (sp. 
act., 5X10^ U/mg protein) were supplied by Dr. Refaat Shalaby (Gcnen- 
tech. South San Francisco, CA) and Dr. A. Shaw (Glaxo, Geneva, Swit- 
zeiland), respectively. The generation and purification of the mAb htr-9 
against TNFR p55 (provided by Dr. M. Brockhaus, Hoffmann-La Roche, 
Basel. Switzerland) has been reported previously (42). TNFR p75 anti- 
serum (|>75 AS) was generated by multiple injections of a rabliil with 
recombinant soluble TNFR p75 (7). 

Benzamidine (Sigma) was dissolved in 50% ethanol at 0.5 M, PMA 
(Sigma) was dissolved in 96% ethanol at I mg/ml » and PMSF (Stgina) was 
dissolved in isopropanol at O.t M. DTT (Sigma) was dissolved in 0.01 M 
sodhim acetate al 1 M, and 3-(4,5-dimeihylthia2ol-2-yl>2,5-diphebyl tei- 
razolium bromide (MTT; Sigma) was dissolved in PBS at 5 mg/ml. The 
reagents were stable for some weeks (3-<4,5-dimethyllhiazol-2-yl)^2.S-di- 
phenyl tetrazolium bromide. or mootfas (PMA, -SOT; benzamidine, 
~20°C; PMSF;4'»C). 

Trifluoromcthyl arachidonyl ketcne (AACOCF3) and arachidofUc add 
(AACCX)H) (20 mM; Biomol, Plymouth MeeUng, PA). AACOCH3 (20 
mM; provided by Dr. Michael H. Gelb (43)), and I2~epi-sca1aradjal (4.6 
mM; Ca<;cade. Berkshire, U.K.) were dissolved in ethanol. LY31 1727 (1 or 
10 mM; provided by Dr. G. Camejo, Astra Hassle, Goteborg, Swedicn, and 
Dr. E. Mihelich, Eli Lilly, Indianapolis, IN) (44) was dissolved in ethanol, 
and methyl arachidonyl fluorophosphate (MAFP; 27 mM; Cayman. Ann 
Ariwr, MT) was dissolved in methyl acetate. Arachidonic acid and arachi- 
donyl analogues were stored under at — 80**C 

Synthesis and purification of eicosapentanenoic acid analogues 
All reactions were perfonncd in a nitrogen atmosphere (45). 

(An^Z}'IJJ.6nfluoro^,9J2,IS,I8^h€neie (EPACQCFj), 
To a solution of (aTI-Z>5,8,] I.I4,17-eicosapenUenoic add (donated by 
ProDova Oleochemicals, Saodefjord, Norway; 5 g, 0.017 nrwl) in anhydrous 
dichloromeiane (250 ml) was added oxalyl chloride (1.7 ml, O.O20 mol). 
The reaction was sf iired at 20**C for 2 to 3 h. Solvent and excess' oxalyl 
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chloride were removed by distillation under redua^d pressure. The residue * 
was taken up in dry dichloromethane (250 ml). To this soluUon trifluoro- 
acetic anhydride (19.7 g, 0.094 mol) and p>Tidine (9.5 g, 0.1 20 mol) were 
added at <fC. The cooling hath was removed. After 2 h the reaction mix- 
ture was poured into water, and the layers were separated. The water phase 
was extracted with petroleum ether. The combined organic layers were 
washed with a saturated NaHCO, solution and water and dried using 
MgSO^. Evaporation of solvents under reduced pressure gave a crude prod- 
uct that was purified by chromatography on silica gel (elucnt: petroleum 
ether/ethyl aceiate, 7/3) to give 4.2 g (70%) of EPACOCF3. Spectroscopic 
dau were as follows: infrared, film: 3015, 1790, 1765, 1210. 1145 cm"*; 
'H NMR (300 MHz): 5 5.3-5.4 (m, lOH), 2.2.7-2.9 (m, 8H), 2.70 (t, 2H), 
2. 1 1 (m. 4H). 1.74 (m, 2H), 0.95 (t, 3H, J = 7.5 Hz); NMR (300 MHz): 
5 I9I.7 (q, /= 35 Hz), 132.4, 130.0, 129.0, 128.7, 128.6, 128.4, 128.3, 
128.2. 127.4. 116 (q. J « 292), 36.0, 26.4. 26.0, 25,9, 22.5, 20.9, 14.4; 
NMR (200 MHz): 6 -79.8 (s); mass spectra: 254 (M"), 285, 218. 91, 79. 
(AU-Z)'W-iriJluon>-6,9,12,I5,J8-henekasapentaen-2^l (EPACHOHCFS), 
Sodium borohydride (160 mg. 4.2 mmol) was added to a stirred solution of 
EPA (500 mg, 1.4 mmol) in 20 ml of methanol al 0"C. The solution was 
stirred for I h at 20*^0. The mixture was poured in water and extracted with 
ether. The organic layer was dried using MgSO^. Evaporation of solvents 
under reduced pressure gave a crude product thai was purified by chroma- 
tography on silica gel (eluent: petroleum ether/ethyl acetate. 7/3) to give 
400 mg (80%) of EPACHOHCF3. Spectroscopic data were as follows: 
infrared film: 3420, 3010, 1 165, 1130 cm""; *H NMR (300 MHz): 5 5.3- 
5.4 (m, lOH), 3.9 (m, IH), 2.8 to 2.9 (m, 8H), 2.0 to 2.2 (m, 4H), 1.4 to 1.8 
(m, 4H), 0.97 (t, 3H. J = 7.5 Hz); '^C NMR (300 MHz): 5 132.4, 129.5. 
129.1, 129.0. 128.7, 128.5, 128.4, 128.2. 127.4, 124.2, 70.4 (q./== 30Hz), 
29.5, 28.8. 27.1, 26.0, 25.9, 25.3, 20.9, 14.6; ''F NMR (200 MHz): 6 
-80.47 (d, / « 7Hz); mass spectra: 356 (M*), 327. 287. 260, 220, 133. 
EPACOCF3 and EPACHOHCF3 (20 mM) were dissolved in ethanol and 
stored under at -80°C. 

Quantitative bandshift assays 

Cells were seeded out in normal growth medium in six-well plates (I X 10^ 
cells/well) and cultivated for 3 days (2 days postcoafluence) before prc- 
ireatment with PL A 2 inhibitors in serum- free medium for I or 2 h as in- 
dicated. Then, TNF or IL- 1 was added in a small volume of .«x?mm-free 
medhim (< 10% of (he total volume), and incubation was continued for I h 
in the presence of inhibitors. Preparation of nuclear extracts, native poly- 
acrylamidc gel electrophoresis in the presence of labeled NF-kB oli- 
gonucleotide probe (Promega, Madison, WI), and quant iiallon with a 
Phosphorlmager (Molecular Dynamics, Sunnyvale, CA) were conducted as 
previously descrit)ed (72). Radioactivity counts were termed Phosphor- 
lmager units and were used to compare the relative amounts of radioac- 
tivity in bands within one gel. Bandshift assays with ^^P-tabe1ed OCT 
oligonucleotide (Promega) were performed to ensure that a similar amount 
of nuclear proteins was applied for each sample. All samples were analyzed 
in at least two t>andshift assays. 

Flow cytometric analysis of 1CAM-1 

Cells (~X 10*) were labeled with 10 ^1 of phycoerythrin (PE)-conjugated 
mouse anti-human CD54 (ICAM- 1 ) mAb (PharMingen. San Diego, CA) as 
previously described (46). Background fluorescence was estimated by add- 
ing 50 fig/ml of rc-conjugated anti-human Leu M3 (CD 14. Becton 
Dickinson. Mountain View, CA). After washing twice with 0.1% (w/v) 
BSA in PBS, cells were analyzed in a FACScan flow cyiometer (Becton 
Dickfnson). 

Quantitation of arachidonic acid release and eicosanoid 
production 

HaCaT cells were seeded out in normal growth medium in 60- mm culture 
dishes (6 X 10* cells/dish) or in six-well plates (3 X 10^ cells/well) and 
analyzed after cultivation for 3 days (I day postconfluence). The cells were 
labeled by addition of (■'Hjarachidooic acid (Amersham; 1 ^Ci/ml, in 
growth nu^dium with \% (v/v) FCS) 24 h before treatnienls. (^H]arachi- 
donic acid was renwvcd by washing three times with PBS, and cells were 
pretreated with inhibitors in medium containing BSA (2 mg/ml) for I h 
before addition of TNF (10 ng/ml) or IL-1 (10ng/ml:in < 10% of the total 
volume). Conditioned medium after 1 h'TNF or n^- 1 treatment was cleared 
by centrifugation (5 min. 300 X g) and extracted using Bond Elut C|g 
octadccyl columns (500 mg; Varian. Harix>r City. CA) according to the 
method of Powell (47) with modifications as previously described (48). 
The extracted arachidonic acid and its metabolites were quantified by beta 
scintillation counting using a Packard 1900 CA beta counter (Packard. 
Mcridcn. CT). 
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Cytosolic PLA2 enzyme activity assay 

The cPLAj enzyme activity was measured using p''CIL-3 phosphatidyl- 
choline, l-stearoyl-2-anidiidoDyI as substrate as described by Wijkander et 
al. (49) with previously described modifications."* The sources of cPLAj 
enzyme activity were HaCaT cells stimulated with BL-l or ins^c cells 
overexpressing recombinant human cPLAj (10 ^xg CPLA2 proCein/IO* 
cells; BacPAK Baculoviius expression system, Clontech, Palo Alio, CA; 
see Footnote 3). The cyiosolic fraction from HaCaT or iosect c^lb was 
prepared as described (50). 

M i l assay 

Cells were seeded out in 96-well microtitcr plates in normal growth 
medium (1 X 10* or 3 X 10^ cells/well) and cultivated for 3 dayi (1 and 
2 days postconfluence, respectively) before pretreatment with inhibitors 
in serum-free medium for I h (I2-epi-scaIaradial and LY31 1 727) or 2 h 
(AACOCF3 and EPACOCF3), followed by treatment for 1 h w^th TNF 
(10 Dg/ml) or IL-I (10 ng/ml). Conversion of substrate (MTT) was 
measured as OD at 580 nm af^er 4 h according to the method of 
Mosmann (51). 

Results 

TNF induces rapid activation o/NF-kB in HaCaT via TNFR p55 

TNF induced strong activation of transcription factor NF-kB in the 
human keratinocyte cell line HaCaT (Fig. 1, lane 4). Increased 
amounts of nuclear NF-kB were clearly detecuble in cells 'treated 
with TNF for 10 min and reached maximum levels after 30 to 40 
min. To examine the roles of the two TNF receptors, bahdshift 
analyses were peifonned after treatment of the cells with agonistic 
TNFR p55 or p75 Abs. The TNFR p55 mAb hti9 induced a similar 
response as TNF (Fig. I. lane 5), indicating that the p55 receptor 
can mediate activation of NF-kB in HaCaT. However, agonistic 
TNFR p75 antiserum, which induces activation of NF-*cB via 
TNFR p75 in human adenocarcinoma SW480 and rhabdomyosar- 
coma KYM-1 cells (7), had no such effect (Fig. I, lane 6), Thus, 
HaCaT seems to lack the intracellular components necessary for 
efficient TNFR p75-mediated NF-kB activation, PMA was also 
unable to induce activation of NF-icB in HaCaT after treatment for 
1 h (Fig. 1, lane 5) or 24 h (data not shown), indicating tfaat ac- 
tivation of PMA-sensitive protein kinases C is not sufficient for 
nuclear translocation of NF-kB in this cell line. 

Specific inhibitors of cPLAi^ strongly reduce TNF-mediated 
activation of NF-kB in HaCaT 

Since we have found that TNF augments the release of aracljidonic 
acid from HaCaT cells, indicating that PLAj is activated by TNF 
in this cell line (see Footnote 3), we were interested in exa<nining 
whether PLAj could be involved in TNF-mediated activation of 
NF-kB. We therefore stimulated the cells with TNF in the presence 
of the selective CPLA2 inhibitory, synthetic arachidonic acjd ana- 
logues AACOCF3 and MAFP. AACOCF3 inhibits cPLAj^medi- 
ated phospholipid hydrolysis by binding tightly and reversibly to 
the enzyme (43). while MAFP is an irrcvcreible inhibitor of pPLAj 
(52). (Juantitative NF-kB bandshift analysis of nuclear extracts 
from cells stimulated in the presence of AACOCF3 or MAFP 
showed that both inhibitors caused a strong reduction in TNF- 
mediated NF-kB activation (—70% reduction at 2 /xM). wfciile the 
noninhibitory compound AACOCH3 had no effect (Fig, 2, A-C). 

We then synthesized eicosapentaenoic acid analogue 
EPACOCF3. Cytosolic PL A 2 shows similar affinity for eicosapen- 
taenoic and arachidonic acids (53) and thus would be expected to 
be inhibited by nPACOCF3 in a similar manner as by AAC0CF3. 
TNF-mediated NF-kB activation was reduced about 40% if) cells 



* A. Lttgrcid, W. Richardson, L. Thommescn. A. E Mcdvcdev. A. Sundan, and T. 
EspevilL Comparison of TNFR p75- and TNFR pSS-inducod activMioo of NfWB hy 
using inhibiton of intracellular signaling. Submitted for publication. 





FIGURE 1. Bandihift analysis of NF-#d5 in HaCaT cells treated wiih 
TNF, agonistic TNFR Abs, and PMA. Nuclear extracts from unstinmilaied 
cells (Jane 7) dc from cells stimulated with TNF, TNFR Abe, and PMA 
{lanes 2-8^ were analyzed by band shift with '^P-laheled NF-kB oligonu- 
cleotide. The main NF-icB-spedfic band shift (arrowhead) was identified 
its displaoemcnt with an excess of unlabieled oligonucleotide containing 
HIV long temrunal repeat NF-kB consensus sequences {lane J). The same 
hand shift was unaffected by the addition of an excess of unlabeled HTV 
long lermioal repeal oligonucleotide containing mutated NF-kB consensus 
sequences {lane 2). Supershift analysis indicated that the main NF kB band 
shift (arrowhead) contained NF-kB p65 and p50 proteins (data not shown). 

stimulated with EPACOCF3 (10 /iM; Fig. 2D). In the presence of 
EPACHOHCF3. in which the carbonyl group of EPACOCF3 is 
reduced to a hydroxy! group, no inhibition of the TNF response 
was observed. The inhibitory effect of EPACdCF3 or MAFP 
could not be reduced by excess arachidonic acid. This may indicate 
that the role of cPLAj is mediated by a phospholipid hydrolysis 
product that is different from arachidonic acid, e.g., lysophospho- 
lipid. Alternatively; the signaling molecule involved in the TNF 
pathway may be an arachidonic acid metabolite, and the failure to 
abolish inhibition may be due to the fact that EPAC(X:F3 and 
MAFP may inhibit enzymes involved in the production of this 
mclaNilile, as reported for AACOCF3, which can inhibit 
cyclooxygenase (54). 

IL-1 also induces PLAj activity in HaCaT cells (see Footnote 
3). However, when we examined the effects of cPLA^ inhibitors 
on IL' I -mediated NF-kB activation, we found the IL-I re- 
isponse to be consistently more resistant to these compounds, as 
AACOCF3 (2 ^M). MAFP (4 /aM), and EPACOCF3 (10 ilu) 
only reduced IL-l -induced activation of NF-kB by 25, 10, and 
20%, respectively (Fig. 3. A-C), Both TNF and IL-I were used 
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FIGURE 2. TMF'iiiediale^ activation of NF-kB 
in the presence of selective cPLAj inhibitors. 
Cells were pretreated for 2 h with the indicated 
coDcentraUons of AACOCF3, AACOCH3, 
MAFP. or EPACOCF3 before stimulation with 
TNF (2 og/ml) for I h. Nuclear extracts were pre- 
pared and subjected to NF-kB bandshift analysis. 
A, Autoradiogram of NF-kB and OCT bandshift 
analysis of nuclear extracts from cells stimulated 
in the presence of AACOCF3 aod Phosphor- 
Imager quantitation of specific NF-kB band shifts 
(mean of triplicate measurements of the same 
band shift). B, Autoradiogram of NF-kB and OCT 
bandshift analysis of nuclear extracts from cells 
stimulated in the presence of AACOCH3 and 
Phosphorlmager quantitation of specific NF-kB 
band shifts. C aod Z>, Phosphorlmager quantita- 
tion of specific NF-kB band shifts in nuclear ex- 
tracts from cells stimulated in the presence of 
MAFP (O or EPACOCF3 (O). Similar results 
were obtained in two other experitnents. 



I TNF 

NFkB 

OCT 



B 





0 0 2 sa 




TNF 



NFkB 
OCT 




f 



200 




0 0 10 
AACOCH3 OiM) 



«00 




0 0 2 4 



0 o o.i i 10 



at 2 ng/ml, a concentration that induces submaxiinal activation 
of NF-kB (at least 10 ng/ml TNF or IL-1 is needed for ^ max- 
imal response in HaCaT; data not shown). Thus, onr results 
indicate that the cPLAj inhibitors interfere more potently with 
the TNF-activated signal transduction pathway leading to acti- 
vation of NF-kB than with the IL-T pathway The relative rc- 
siistance of the TL-1 response suggests that the fatty acid ana- 
logues do not inhibit TNF-mediated NF-kB activation diie to a 
general loxic eflTect. This was also confirmed in the MTT jissay, 
where no reduction in cell viability was detected after pre- 
treatment for 2 h with 25 AACOCF3, MAFP, or 

EPACCX:F3 followed by 1-h treatment with TNF. (data not 
shown). 



TNF-indticed activation of NF-kB is also blocked by selective 
inhibitors of sPLA^ 

In contrast to the ubiquitously expressed cPLAj, sPLAj expression 
is restricted. Secretory PLAj is known to be activated by TNF in 
intact cells (21-23. 55). Since we have shown that HaCaT cells 
express sPLA^ mRNA (see Footnote 3). we examined whether 
the selective sPLAj inhibitors 12-epi-scalaradial and LY3 11727 
coiild affect TNF-modiated NF-kB. activation. 12-Gpi-scalaradia] 
(56). an epi analogue of the marine sponge product scalaradial, is 
proposed to cause irreversible inhibition of sPLAj by formation of 
a Schiff's base (iminc) with a lysine residue on the surface of the 
enzyme. The sPLAj enzyme contains a high number of lys'uie 
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FIGURE 3. IL' I -mediated NF-kB activation in the presence of selective cPLA^ inhibitors. Cells were pretrealed for 2 h with the indicated concentrations 
of AACOCF3, MAFP. or EPACOCF3 before stimulaUon with IL-I (2 ng/ml) for 1 h. A, Autoradiogram of NF-kB and OCT band<:hift analysis of nuclear 
extracts from cells stimulated in the presence of AACOCF3 and Phosphorlmager quantiiatioo of the specific NF-kB band. B and C, Phasphorlmager 
quantitation oi specific NF-kB band shifts in nuclear extracts from fells stimulated in the presence of MAF? (B) and EPACOCF3 (Q- Similar results were 
obtained in rwo other experiments. 



residues and is very sensitive to 12-epi-scaIaradiaI. The other 
SPLA2 inhibitor, LY3! 1727, is a structurally based, designed in- 
dole derivative that interacts with the active site of the enzyme in 
a noncovalent manner (44). 

Analysis of nuclear extracts from cells stimulated with TNF in 
the presence of 12-epi-scalaradial showed that TNF-induced acti- 
vation of NF-kB was inhibited in a dose-dependent manner (55% 
reduction at 2 /lM; Fig. 4A). A similar effect was seen ip cells 
stimulated in the presence of LY31 1727 (50% reduction at 10 /i.M; 
Fig. 4B). The inhibitory effect of both 1 2-epi-5cal^radial (4 /iM) 
and LY31 1727 (10 /tM) was clearly suppressed in the presence of 
excess (10 ^M> arachidonic acid (data not shown). This indicates 
that inhibition of TNF- induced activation of NF-kB by the com- 
pounds is indeed due to their specific effects on sPLAj. Alfiiough 
IL-t -induced NF-kB activation was completely blocked by '5 /iM 
1 2-epi-scaIaradiaK the TL-1 response was consistently more resis- 
tant to the sPLAj inhibitors (<10% inhibition at 2 ftM I2-epi- 
scalaradial and 25% inhibition at 10 LY31 1727; Fig. 5, A and 
B). This suggests that, compared with the TNF response, IL-1- 
mediated NF-kB activation is less dependent 011 componebts in- 
hibited by these compounds. 

The MTT assay showed no reduction in HaCaT cell viability 
after l -h pretreatmeni with LY3n727 (10 /i.M) or 1 2-«pi-scalara. 
dial (5 ^M), followed by 1 -h TNF stimulation (data not shown). In 
contrast, Marshall et al. found that 1 2-epi-scalaradial wouM com- 
promise neutrophil cell viability at concentrations >3 (57). 
This discrepancy may derive from the different cell types studied 
or, alternatively, may be due lo the fact that Marshall el al. treated 
their cells in HBSS (57) while our experiments were conducted in 



DMEM medium and thus in the presence of lysine amino acids, 
which may exhaust the inhibited. 

TNF-mediated up- regulation of ICAM-l is inhibited by 
1 2-epi'Scala radial and MAFP 

Since the bandshift analyses indicated that PLAj inhibitors 
strongly suppressed the TNF-induced increase in nuclear NF-kB 
(Figs. 2 and 4). it was of interest to examine whether a similar 
effect could be observed at the level of NF-kB -regulated gene ex- 
pression. We therefore studied TNF mediated regulation of 
ICAM-1 in the presence of PLA2 inhibitors. TNF is known to be 
one of the main inducers of ICAM-1 expression, and transcription 
of the TCAM-1 gene is mainly regulated by NF-kB (reviewed in 
Ref. 58). Flow cytometric analyses showed that untreated HaCaT 
ceUs appear as a heterogeneous population displaying varying de- 
grees of TCAM-I expression (Fig. 6, untreated control). Treatment 
with TNF shifted the specific ICAM- i immunofluorescence of the 
cells to a higher intensity (Fig. 6, TNF treated). In the presence of 
the sPLAj inhibitor 12-epi-scalaradiaI, TNF-mediated enhance- 
ment of ICAM-1 expression was reduced in a dose-dependent 
manner (Fig. (A). A concentration of 5 fiM 1 2-epi.scalaradial 
completely blocked up-regulation of ICAM -I expression, as 
shown by the fact that the ICAM- 1 fluorescence intensity of cells 
stimulated in the presence of 5 ^tM 1 2-epi-5calaradial was similar 
to that of untreated cells (Fig. 6Ay The cPLAi inhibitor MAFP 
also strongly suppressed TNF-induced ICAM- 1 expression (Fig. 
6B). Thus, 1 2^pi-scalaradial- and MAFP-mediated inhibition of 
the T74F-induced increase in nuclear NF-kB is paralleled by their 
inhibition of TNF-induced ICAM-1 up-regulation. These results 
indicate that the reduced levels of NF-#cB measured in nuclear 
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FIGURE 4. TNF-mediaied NF-kB activation in 
the presence of selective sPLAj inhibitors. Cells 
were pretreated for 1 h with the indicated concen- 
trations of 12-epi-sca1aradial or LY311727 before 
stimulaliott with TNF (2 ng/ml) for 1 h. A, Aulora> 
diogram of NF-kB and OCT bandshift analysis of 
nuclear extracts from cells stimulated in the presence 
of I2-epi-sca1aradia] and Phosphor Imager quantita- 
tion of specific NF-kB band shifts. B, Phosphor- 
Imager quantitation of specific NF-fcB band shifts io 
nuclear extracts from cells stimulated in the presence 
of LY3n727. Sinular results were obtained in two 
other experiments. 
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extracts from cells treated with PLAj inhibitors are not caused by 
interference of these compounds with NF-kB binding in the band- 
shift assay, and that 1 2-ept-scalaradia] and MAFP both inhibit the 
generation of functional NF-kB in intact cells. 

EPACOCF3 inhibits cPLA^ enzyme activity in vitro 

EPACOCF3 has not been previously characterized as a PIA2 in- 
hibitor. We therefore analyzed its effect on cPLAj enzyme activity 
using 1 ) cytbsol fractions from insect cells overexpressing recom- 



binant cPLAj or 2) cytosol from IL- 1 -treated HaCaT cells as en- 
zyme sources. Sinular to AACOCF3, EPACOCF3 inhibited 
cPLAj activity both when analyzed with recombinant enzyme 
(Fig. lA) or with HaCaT cytosolic extracts (Fig. IB). The effect of 
the noninhibitory analogues EPACHOHCF3 and AACOCH3 was 
negligible when measured with recombinant enzyme (Fig. 74). 
while AACOCH3 showed a weak, but reproducible, inhibition 
(15%) of CPLA2 enzyme activity in HaCaT cytosol (Fig. IB). 
MAFP also reduced cPLAj enzyme activity (Fig. 7^)i 



FIGURE 5. IL-I mediated NF-kB activation in the 
presence of selecdve sPI.A^ inhibitors. Cells were pre- 
treated f or I h with the indicated cpocentrations of 12- 
epi-scalaradial before stimulation with IL-1 (2 ng/ml) 
for 1 h. /4/Auioradiogram of NF-kB and OCT bond- 
shift analysis of nuclear extracts from cells sUihulated 
in the presence of 12-epi-scalaradial and Phosphor- 
ImagcT quantitation of specific NF-kB band shifts. 5, 
Phosphorlmager quantitation of specific NF-kB band 
shifis in nuclear extracts from celts stimulated in the 
presence <^ LY31 1727. Sinular results were obtained 
in two other cxpcrimenls. 
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FIGURE Analysis of TNF-induced ICAM- 1 expressioa in ihe presence 
of cPLAa and sPLA^ inhibitofs. Cells were pretreated for I h with 12-epi- 
scalaradial (A) or for 2 b wiih MAFP before stimulation with TNF (2 ng/ml) 
f or 4 h. Cells were treated with PE-labeled ICAM-I mAb and analyzed by 
flow cytometry. Similar results were obtained io two other experimedts. 

To compare the potencies of EPACCXTFS and AACOCF3. we 
measured their dose dependent effects on recombinant CPLA2 ac- 
tivity. As shown in Figure 8, the IC30 values of EPACOCF3 and 
AACOCF3 were similar and ranged from 2 to 7 /j.M. 

Borh cPlAj sPlAj inhibitors hiock TNF- and IL-J-induced 
release of arachidonic acid 

Extracellular release of arachidonic acid from intact cells i$ com- 
monly used to measure PLAj activity in intact cells (59). One-hour 
treatment with II-- 1 approximately doubled the arachidonic acid 
release from HaCaT cells, while treatment with TNF result^ in a 
weaker, but reproducible, increase (—50%; Table I). 

AACOCF3 strongly inhibited both the TNF- and IL-l-iiidiKed 
increases in arachidonic acid release, while the noninhibitoiy 
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FIGURE 8. Dose-dependent effects of EPACOCF3 and AACOCF3 on 
cn^2 activity. Recombinant cPIA^ enzyme activity was mea5urcd after 
preincubation with EPACOCF3 or AACOCF3 (as described in Materials 
and Methods). The cPLA, enzyme activity is given as a percentage of the 
control value (activity in the absence of inhibitors) and expressed as the 
mean (SD) of two independent experiments. 

arachidonic acid analogue AACOCH3 had no such effect. 
EPACOCF3 inhibited TNF-induced arachidonic acid release to a 
similar extent as AACOCF3 (Table I), indicating that the eicosa- 
pentenoic acid analogue can inhibit PLAj activity in intact cells 
with similar efficiency as the arachidonic acid analogue. 

The sPLAj inhibitor 12-epi-5ca]aradia] also strongly inhibited 
both TNF- and IL-1 -induced enhancement of arachidonic acid re- 
lease (Table I). LY31 1727 consistently blocked TNF-induced ar- 
achidonic acid release with a higher efficiency than 12-epi-scalara- 
dial (Table I). These data indicate that both CPLA2 and sPLAj may 
be involved in receptor-mediated release of arachidonic acid in 
HaCaT cells. 

Discussion 

The data presented in this study indicate that PLA2 is involved in 
TNF-induced nuclear translocation, of transcription factor NF-kB 



FIGURE ?• Effects of inhibitors on in vitro 
CPLA2 activity. Cytosol fractions from insect cells 
overexpressing recomNnam cPLAj (diluted 1/750; 
i4) or from HaCaT cells stimulated with IL-1 (B) 
were incubated at room temperature without (con- 
trol) or with PLAj inhibiiors (5 ^M) 10 min before 
admixture of substrate and ihe start of the assay. The 
cPLAj enzyme activity is given as a percentage of 
the control value (activity in the absence of inhibi- 
tors). Similar results were obtained in two other 
experiments. 
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Tabic I. Extracellular release of unsaturated fatty acids and 
metabolites from HaCaT cells treated with TNF or ILrl in the presence 
ofPlAs inlubitors° 



Stimuli 



Prctreatment TNF IL-I 



None 156 ±38 191^49 

AACOCFB, I 87 ± 27 136 ± 25 

EPACOCF3, 1 fiM 74 ± 22 Nt> 

AACOCH3. \ pM 152 ± 29 NO 

LY31 1727, 1 ^ 88 ± 41 Nt> 

12-Epi-scalaradia1, 5 |aM 114^ 42 120 ± 32 



* pHlArachidonic-Iabelrd HaCflT cells were prclrcalcd for 1 h with PLAa inhib- 
itors or Doninhibilory control followed by l-h stimulotioo wilh 10 ng/ml TNF or IL-1 
io the presence of the con^KHJods. Arachidonic acid and metAolites were ly^aeured 
by ^scintillation couDting as described io Materials and Methods. CPM values were 
calculated by subtraction of background counts and are given as % of unstimulated 
cells (set to 100%). Results are given as mean of duplicates or triplicates of at least 
two ezperimetils, iSD. ND, not determined. 

and activation of ICAM-1 gene expression. Our analyses suggest 
that both cPLAj and sPLAj may participate in the TNF p55 re- 
ceptor signal transduction pathway leading to functional activation 
of NF-kB in the human keratinncyte cell line HaCaT. Thc$c con- 
clusions are based on the observed effects of potent inhibitors with 
high selectivity against either CPLA2 or SPLA2. Cytosolic and se- 
cretory PLA2 show no structural homology, exhibit different sub- 
strate specificity and substrate recognition, and employ different 
catalytic mechanisms (60. 6 1 ). These differences provide the basis 
for the potency and selectivity of the inhibitors that comprise com- 
pounds directed toward the active site of sPLAj (LY3 1 1 727), high 
sensitivity for lysine modifications (12-epi-scalaradial). and fatty 
acid analogues that exploit the preferential b'mding of cPt Aj to 
arachidonic acid (AACOCF3 and MAFP). Consequently, the po- 
tency of each of the inhibitors toward the PLA2 enzyme for' which 
it is selective is > 1000-fold higher than its potency against the 
other type of PLAj (43. 44. 52, 62,. 63). 

The cbihpounds have previously been found by others to inhibit 
PLA2 in intact cells at concentrations similar to those applied in 
the present study. Thus, AAC6CF3 blocks arachidonic a<dd re- 
lease from thrombin-stimulated platelets (64). from calciuni iono- 
phore-stimulated U937 monocytic cells (65), and from EL- Iq-stim- 
ulated mesangial cells (66). In the macrophage-like cejl line 
P388D,, where; PAF induces arachidonic acid release both via 
cPLAj and via sPLAj. MAFP was found to inhibit cPLAj without 
directly affecting the sPLAa response, while LY31 1727 selectively 
inhibited sPLAj-mediated release of arachidonic acid (36, 67), 

Jn the present study of HaCaT cells, we show that AACX)CF3 
and MAFP inhibit TNF- induced arachidonic acid release as well as 
TNF-mediated NF-kB activation, suggesting that cPLAj iriay be 
involved in the TNF-activated signal transduction pathway lading 
to activadon of NF-kB. We also synthesized EPACOCF3 and 
showed that this compound suppresses TNF-induced arachjdonic 
acid release and NF-*cB activation and inhibits in vitro qPLAj 
enzyme activity with similar potency as AACOCF3. Since cPLAj 
shows similar affinity for eicosapentaenoic and arachidonic acid 
(53), we propose that the nonhydrolyzable eicosapentenoip acid 
analogue EPACOCF3 inhibits cPLAj by binding tightly io the 
active site of the enzyme, analogous to the inhibitory mech^nism 
descnbed for AACOCF3 (43, 68). Thus, the inhibitory effect of 
EPACOCFS further strengthens die suggestion that cPLAj is in- 
volved in TNF-mediated NF-kB activation. 

Both 12-epi-scaIaradial and LY31 1727 inhibit TNF-induced ar- 
achidonic acid release, indicating that they caii inhibit sPLAa en- 
zyme activity in intact HaCaT cells. Thus, the ability of these 
compounds to reduce TNF-mediated activation of NF-kB suggests 



that also sPI.Aj may be involved in the TNF signaling pathway 
mediating this response. 

It cannot be excluded that the compounds we have used may 
affect cellular components other than PLAjS, However, others 
have found that MAFP does not inhibit enzymes involved in phos- 
pholipid metabolism (67), and that the sPLAj inhibitor LY31 1727, 
aldioijgh structurally similar to indomethacin, does not inhibit cy- 
clo-oxygenase (44). Bameiie et al. (69) found that the irreversible 
sPLAj inhibitor 12-epi-scalaradia] may also inhibit Ca^"*^ channels 
and phosphatidylinositol-specific phospholipase C. It is possible 
that the strong inhibitory effect of high doses of 12-epi-scaIaradial 
(5 ptM) on both TNF- and IL-1 -induced NF-kB activation may be 
due to additional pharmacologic actions of this compound. How- 
ever, the differential effects of lower doses of 12-epi-scalanidial on 
TNF and IL-1 responses taken together with the fact that 
LY31 1 727,. which employs a completely different inhibitory mech- 
anism, produced a similar inhibitory pattern strongly indicate that 
sPLAj may be the main target of both compounds. The fact that 
excess arachidonic acid counteracted the inhibitory effect of 12- 
epi-scalaradial and LY3II727 further strengthens this hypothesis. 

Important controls included in our study are the fatty acid ana- 
logues AACOCH3 and EPACHOHCF3. The fact that these ana- 
logues, which do not inhibit cPLA^ (^^\ affect 
TNF-induced NF-kB activation indicates that the presence of a fatty 
acid analogue per se, even at high concentrations (50 pM). cannot 
mimic the effect of the specific cPI^j inhibitors. Furthermore, the 
inhibitory activity of the compounds is due to intracellular effects 
rather than to a reduction of TNF receptor levels, as flow cytometric 
analyses showed that the level of TNFR p55 was unchanged after 
treatment for 2 h with AACOCF3 (25 $jlM) or AACOCH3 (25 /i.M) 
or for 1 h with 12-epi-scalaradial (5 jxM; data not shown). 

The PLA 2 -generated lipid mediators involved in TNF-mediated 
activation of NF-kB may be arachidonic acid, other unsaturated 
fatty acids, ly sop hospho lipids, or their metabolites. In a paper that 
was published after the completion of this study, Camandola et al. 
reported that arachidonic acid mediated activation of NF-kB in 
promonocytic U937 cells by a mechanism suggested to involve 
metabolization of arachidonic acid to PCs and leukotrienes (70). 
However, in a separate study (see Footnote 3), we show Uial TNF- 
induced release of arachidonic acid in HaCaT cells is not accom- 
panied by measurable generation of metabolites, while IL-I treat- 
ment results in a marked rise in both PGs and leukotriene B4. 
Furthermore. NDGA (10 p.M). a well-known lipoxygenase inhib- 
itor that completely blocked II.- 1 -induced leukotriene B4 produc- 
tion in HaCaT cells (see Footnote 3), did not reduce TNF-mediated 
NF-kB activation (data not shown). Thus, our data indicate that 
leukotrienes may not be the main signaling substances in TNF- 
mediated activation of NF-kB in HaCaT cells. Our observations 
also emphasize the importance of considering cell specificity in 
signal transduction mechanisms, since we have found TNFR p55- 
mediated NF-kB activation in human SW480 adenocarcinoma 
cells to be strongly inhibited by NDGA (2-10 ;j,M), whereas the 
TNFR p75 pathway in SW480 cells proceeds independently of 
NDGA -sensitive components (see Footnote 4), similar to the 
TNFR p55 pathway in HaCaT cells. 

Our results suggest dial although PLA2 is necessary for TNF- 
mediated NF-kB activation, PLAj activity alone is not sufficient to 
induce this response. We deduce this from the fact that IL-I acti- 
vates botii cPLAj and SPLA2 in HaCaT (see Footnote 3; Fig. 7 and 
Table f). and yet 11.- 1 -mediated activation of NF-kB is not affected 
by inhibitor concentrations that clearly reduce PLAj enzyme ac- 
tivity in vitro, suppress IL-I -induced PLAj activity in intact cells, 
and markedly inhibit TNF-mediated activation of NF-.kB. This 
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suggests that CPLA2 or sPLAj. to contribute to activation of NF- 
kB, must act together with other signaling molecules that are trig- 
gered by TNF but not by IL-1. The IL-I signal'mg mecbanism 
mediating NF-kB activation is reported to differ from the TNF 
signaling mecbanism in that the IL-IR couples to the NIK kinase 
pathway via IL- 1 R-associaled kinase and TRAF-6 (71), rather than 
via TRAF-2. Thus, our results may indicate that PLAjS are in- 
volved in TNF signaling events upstream of NIK kinase. Alterna- 
tively. PLAjS may be part of a NIK kinase-independent pathway or 
play a modulatory role in the signaling pathway proceeding 
through NIK kinase. This alternative or modulatory pathway may 
be identical with the TNFR p55 pathway characterized by us in 
SW480 adenocarcinoma cells, where we have shown that TNFR 
p55 employs additional signaling mechanisms not Involve in a 
pathway common to TNFR p55- and TNFR p75-medlated NF-#cB 
activation (72) (see Footaote 4). 

Balsinde and Dennis (67) recently showed that cPLAj and 
SPLA2 are both necessary for platelet-activating factor-mediated 
arachidonic acid release in the macrophage-like cell line P388D,. 
They propose a model in which the two enzymes exhibit specific 
roles and where a rapid, cPLAj-gencrated burst of intracellular 
arachidonic acid is necessary for activation of sPLAj. which gen- 
crates the bulk amounts of extracellular arachidonic acid (67). Our 
data would be comi)atible with a similar interdependence of the 
two PLAjS in HaCaT, since TNF-induced release of aracbidonic 
acid is completely blocked by inhibitors with high selectivity 
against either CPLA2 or sPLAj- I" accordance with our Results, 
showing that cPLA^ and sPLAj inhibitors reduce TNF-m^diated 
NF-kB activation with similar efficiency, this model would predict 
that the TNF signal transduction pathway involves a sequential 
action of CPLA2 and sPLAj, where sPLAz generated phospholipid 
hydrolysis products may be the main effectors triggering the sub- 
sequent events of the pathway. 

Secretory PLAj is a proinflammatory mediator found to be 
highly elevated both in the circulation and locally in the tissue, in 
association with a number of pathologic conditions such as sepsis, 
fever, infections, atherosclerosis, chronic lung inflammation, rheu- 
matoid arthritis, Crohn's disease, and psoriasis (73-78)'. Th? main 
proinflammatory effect of sPLAj is thought to be the generation of 
arachidonic acid as a prectirsor for eicosanoid hormone^. Our 
study indicates a potentially new role for SPLA2, namely in the 
activation of NF-kB and of NF-kB -regulated expression of genes 
involved iii inflarnmation. The ability of PLAj inhibitors to block 
the TNF-mediated increase in nuclear NF-kB and cellular re- 
sponses such as TNF-induced up-regulation of ICAM-1 expression 
should be of interest in the consideration of such compounds for 
the treatment of inflammatory conditions. 
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